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ABSTRACT Toxoplasma gondii is a common parasite of animals that also causes a zoonotic infection in humans. Previous studies
haverevealedastronglyclonalpopulationstructurethatissharedbetweenNorthAmericaandEurope,whileSouthAmerican
strainsshowgreatergeneticdiversityandevidenceofsexualrecombination.Thecommoninheritanceofamonomorphicver-
sionofchromosomeIa(referredtoasChrIa*)amongthreeclonallineagesfromNorthAmericaandEuropesuggeststhatinheri-
tanceofthischromosomemightunderlietheirrecentclonalexpansion.Tofurtherexaminethediversityanddistributionof
ChrIa,wehaveanalyzedadditionalstrainswithgreatergeographicdiversity.Ourﬁndingsrevealthatthesamehaplotypeof
ChrIa*isfoundintheclonallineagesfromNorthAmericaandEuropeandinolderlineagesinSouthAmerica,wheresexualre-
combinationismorecommon.AlthoughlineagesfromallthreecontinentsharborthesameconservedChrIa*haplotype,strains
fromNorthAmericaandEuropearegeneticallyseparatefromthoseinSouthAmerica,andtheserespectivegeographicregions
showlimitedevidenceofrecentmixing.Genome-wide,array-basedproﬁlingofpolymorphismsprovidedevidenceforanances-
tralﬂowfromparticularoldersouthernlineagesthatgaverisetotheclonallineagesnowdominantinthenorth.Collectively,
thesedataindicatethatChrIa*iswidespreadamongnonclonalstrainsinSouthAmericaandhasmorerecentlybeenassociated
withclonalexpansionofspeciﬁclineagesinNorthAmericaandEurope.Theseﬁndingshavesigniﬁcantimplicationsforthe
spreadofgeneticlociinﬂuencingtransmissionandvirulenceinpathogenpopulations.
IMPORTANCE Understandingparasitepopulationstructureisimportantforevaluatingthepotentialspreadofpathogenicityde-
terminants between different geographic regions. Examining the genetic makeup of different isolates of Toxoplasma gondii from
aroundtheworldrevealedthatchromosomeIaishighlyhomogeneousamonglineagesthatpredominateondifferentcontinents
andwithingenomesthatwereotherwisequitedivergent.Thispatternofrecentsharedancestryishighlyunusualandsuggests
thatsomegene(s)foundonthischromosomeimpartsanunusualﬁtnessadvantagethathasresultedinitsrecentspread.Al-
thoughthebasisfortheconservationofthisparticularlyhomogeneouschromosomeisunknown,itmayhaveimplicationsfor
thetransmissionofinfectionandspreadofhumandisease.
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T
oxoplasmagondiiisawidespreadparasiteofwildanddomestic
animals that also frequently infects humans (1). Humans are
an accidental host and play no appreciable role in transmission,
otherthanoccasionalinfectionsduringpregnancythatcanleadto
congenital toxoplasmosis (2). Human infection can result from
ingestion of tissue cysts during consumption of undercooked
meat from wild and domestic animals, which show high preva-
lence rates of chronic infection, or ingestion of spore-like stages
called oocysts, which are shed in the feces of cats, thus contami-
natingtheenvironment(1).Althoughmosthumaninfectionsare
well controlled by healthy adults, toxoplasmosis is a frequent op-
portunistic infection (2) and an important cause of water-borne
(3, 4) and food-borne illness (5).
UnderstandingthestructureofT.gondiipopulationsisimpor-
tant for evaluating the potential spread of pathogenicity determi-
nants between different isolates, geographic regions, and hosts
(6). Transmission of T. gondii normally occurs following sexual
reproduction in the intestine of cats, resulting in shedding of dip-
loid oocysts, which undergo meiosis in the environment (1). De-
spite this capacity, sexual recombination between strains of
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localities (6). Instead, the parasite can be transmitted frequently
by asexual propagation, which can occur in a variety of hosts, and
canspreadthroughthefoodchainbycarnivorousoromnivorous
feeding(7).Additionally,recentstudiesofoutbreakshaveempha-
sized the potential for self-mating to expand a single clonal hap-
lotype that subsequently infects many hosts due to oocyst shed-
ding by a single infected cat (8).
The most extreme example of clonality, which may occur by
self-mating, crossing of virtually identical genotypes, or asexual
transmission, is the overabundance of three lineages, designated
types1,2,and3(previouslycalledI,II,andIII),thatcomprisethe
majority of strains in both North America and Europe (6). Re-
cently,afourthclonallineage,designatedhaplogroup12,hasbeen
identiﬁed based on isolates that are common in wild animals in
the United States (9). In contrast, T. gondii strains from South
America comprise distinct genetic groups that are genetically
more diverse, reﬂecting a greater frequency of sexual recombina-
tion (10–13). The factors that result in these very different popu-
lation structures are largely unknown, but they suggest that fun-
damentallydifferentmodesoftransmissionpredominateinthese
regions. Consistent with their different genetic structures, there is
very little evidence of recent gene ﬂow between south and north
(10), although this conclusion is based on relatively few genetic
loci.
Previous studies have revealed that the three clonal lineages of
North America and Europe share a common recent ancestry and
arosethoughonlyafewgeneticrecombinationsinthewild(7,14).
Importantly,aprogenitorofthetype2lineageservedasoneofthe
parents in each of these crosses, the other parents being derived
from distinct lineages (9, 14). These ancestral strains were them-
selvescloselyrelated,sincemostgenesdifferbyonly2to3%atthe
DNAlevel(7,14).Importantly,thisrecentsharedancestryledtoa
pattern of biallelic diversity among the three clonal lineages (14).
Basedontherateofdiversityoftheselineages,revealedbyderived
polymorphisms, it is estimated that they share a recent common
ancestry of within the last 10,000 years (7). Following this genetic
bottleneck, the clonal lineages rapidly expanded, either widening
their biological niches or replacing existing strains that were less
ﬁt.
Coincidentwiththisrecentexpansion,allthreeclonallineages
alsoinheritedacommonversionofchromosomeIa(referredtoas
ChrIa*), which as a consequence exhibits extremely low levels of
diversity among their descendents (15). This pattern of inheri-
tance has led to the suggestion that genes found on ChrIa* may
confersomeﬁtnessadvantage,althoughthebiologicalbasisofthis
trait remains uncertain. Intriguingly, some South American
strains also harbor regions of ChrIa* (10), although they are oth-
erwise genetically distinct populations. It has been suggested that
this pattern might represent recent introgression of northern
strainsintoSouthAmerica(10)oralternativelythatspeciﬁcSouth
American lineages spread northward (12), expanding clonally to
become predominant. Genetic exchange between populations is
relevant to understanding the potential spread of pathogenicity
determinants, such as ROP18, a major virulence factor in the
mouse model of toxoplasmosis (16–18), which shows a genetic
interactionwithalocusonChrIa(18;alsounpublisheddata).For
example, ROP18 exists as both virulent and avirulent alleles that
show evidence of long-term balancing selection (19), implying
that these very different phenotypic versions are adaptations to
distinct environmental niches.
In the present study, we have examined a wide variety of geo-
graphically diverse strains, assessing their relationships based on
intron sequences presumed to be selectively neutral and genome-
wide array-based genotyping, in order to provide a model for the
emergence and dominance of a monomorphic version of ChrIa.
RESULTS
Population genetic structure of T. gondii. To determine the re-
latednessamongdifferentstrainsofT.gondii,wecharacterized74
isolates that were obtained primarily from North America, Eu-
rope, and South America. Strains were isolated from a wide range
ofwildanddomesticanimalsandalsofromhumans(seeTableS1
in the supplemental material). Additionally, several African (n 
5)(20)andChinese(n2)(21)isolateswerecharacterizedusing
sequence-basedintronmarkers(10),providinggreaterresolution
for estimating genetic diversity than the restriction fragment
lengthpolymorphisms(RFLP)ormicrosatellites(MS)previously
usedtotypethesestrains.Forreference,severalstrainsfromthe12
previously deﬁned haplogroups were also included (9, 10).
Strains were characterized by sequencing 8 intron markers
from5unlinkedgenes(locatedonChrIV,ChrVIIa,ChrIX,ChrX,
and ChrXI), as described previously (10), collectively comprising
3,787bpfromeachstrain.Anunrootedneighbor-netnetworkwas
developed using the single nucleotide polymorphisms (SNPs)
present in the intron sequences (Fig. 1A). Neighbor-net analysis
showed a number of major clusters, which we deﬁned as 14 sepa-
rate haplogroups of T. gondii (Fig. 1A). The ﬁrst 12 of these hap-
logroups correspond to the previously deﬁned haplogroups of
T. gondii (9, 10). Recently isolated strains from China and Africa
werefoundtocomprisetwoadditionalhaplogroups,distinctfrom
those previously described. Strains TgCtPRC2 and TgCtPRC6
were identical to each other and represent a common genotype in
ChinathatwaspreviouslydeﬁnedbyRFLPmarkers(21,22);here
theydeﬁnedauniquehaplogroupcalled13(Fig.1A).Inaddition,
several isolates previously typed based on MS markers as Africa 3
(20) were clustered in a separate node deﬁned as haplogroup 14
(strains TgA105003 to TgA105006) (Fig. 1A). Another African
isolate,previouslydeﬁnedasAfrica1(20),wasclusteredwithhap-
logroup 6 (strain TgA105001) (Fig. 1A), consistent with this
group being found in Africa and South America
The population structure of T. gondii was also reconstructed
using a Bayesian Monte-Carlo Markov chain sampling method
that was implemented in the software program STRUCTURE
(23).Theancestryamongthedifferentstrainswasanalyzedbased
on polymorphisms in the intron sequences. We used an ancestral
modelwithindependentallelefrequenciestoestimatethenumber
of ancestral populations (K) needed to explain the current popu-
lation structure by minimizing departures from Hardy-Weinberg
expectation. The ancestral population size of 6 (K  6) closely
resembled the population structure developed by neighbor-net
analysisandwaschosenasthebestﬁtforthecurrentdatabasedon
anadhocstatisticalanalysisoftherateofchangeinK,asdescribed
previously (24) (Fig. 1B; see also Fig. S1 in the supplemental ma-
terial).ThepatternforlowerKvaluesledtoartiﬁcialclusteringof
somegroupsthatwereshowntobedistinctbyneighbor-netanal-
ysis, while higher values provided no greater resolution (see
Fig. S2). STRUCTURE analysis revealed both shared ancestry, as
reﬂected by similar color blocks, and distinct separation between
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Fig. S2). Interesting, haplogroups 7 and 11 in North America and
haplogroup13fromChinashowedgreatergeneticrecombination
than other groups, while African haplogroup 14 was closely re-
lated to haplogroups 1 and 6, which share much of their ancestry
in common (Fig. 1B; see also Fig. S2).
Composition of ChrIa. Previous studies have demonstrated
that three archetypal northern clonal lineages of T. gondii share a
monomorphic version of ChrIa (a haplotype designated ChrIa*),
which was likely acquired coincident with their recent common
ancestry (10, 15). To determine the genetic pattern of ChrIa in
newlystudiedisolates,wesequenced12referenceblocks(~800to
900bpeach)ofChrIafromthenewisolatesandcomparedthemto
previouslystudiedstrains(10,15)(seeFig.S3inthesupplemental
material). These 12 blocks were chosen to span the chromosome
atintervalswithoutregardtocodingfunction(10).Networkanal-
ysis of the ChrIa sequences revealed that all of the strains fall into
only four major clusters (see Fig. 3B). The majority of strains
contained versions of chromosome Ia that were highly similar or
identical to the ChrIa* haplotype (yellow in Fig. 2). Previously
described in types 1, 2, and 3, ChrIa* was also found in most
strains of haplogroups 4, 7, 8, and 9 (Fig. 2; see also Fig. S3 in the
supplemental material). The exception to this pattern is com-
prised of the highly divergent groups 5 and 10, which are charac-
terized by completely different versions of ChrIa in each isolate
(blueinFig.3B).Importantly,haplogroup13isolatesfromChina
also clustered with the ChrIa* haplotype (Fig. 2), revealing that
they contain a version of this chromosome that differs from
ChrIa* by only a few shared SNPs. African haplogroup 14 clus-
tered with haplogroup 6, together comprising the 3= chimeric
group(greeninFig.2).Group11togetherwithmanymembersof
haplogroup12fromNorthAmericaformsa5=chimericgrouping
(redinFig.2).Comparisonoftherelatedstrainsfromeachgroup
suggests that each of the 3= and 5= chimeric groups may represent
asinglemeioticrecombinationinthewild,sincemembersofthese
groupsshowstrongconservationoftheirhaplotypesacrossChrIa
(see Fig. S3). Additionally, each of these three groups (i.e., 5= chi-
meric, 3= chimeric, and purely monomorphic) shows minor vari-
ation within it, likely reﬂecting mutations arising since the initial
founding events.
Disparate ancestry of ChrIa versus the genome as a whole.
The conservation of the same version of ChrIa* among so many
diverse lineages suggested that it might have an ancestry different
from that of other regions of the genome. To compare their an-
cestries, we generated neighbor networks either from the intron
sequences, representing the genome as a whole, or the sequenced
blocks on ChrIa. Because we were speciﬁcally interested in the
originofChrIa*,weincludedonlythosestrainsthatcontainedthe
FIG 1 Population structure analysis of T. gondii. (A) Neighbor net developed from analysis of 5 intron sequences from 74 T. gondii strains. Strong geographic
separation was evident between North American-European (blue lettering) and South American (red lettering) T. gondii strains. The major branches were
classiﬁed into 14 haplogroups (numbers in circles). Circles indicate monomorphic ChrIa* (yellow) and divergent ChrIa (blue). Further details on strains are
provided in Table S1 in the supplemental material. (B) STRUCTURE analysis of 74 T. gondii isolates, conducted using concatenated intron sequences. An
ancestralpopulationsizeofK6,basedonalinkagemodel,waschosen.SeeFig.S2foradditionalKvalues.Haplogroups(HG)arelistedatthetop.Ch,China;
Af, Africa.
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responding to the yellow cluster in Fig. 2; see also Table S1 in the
supplementalmaterial).Neighbor-netanalysesofsequencesfrom
several introns showed substantial genetic divergence between
northern and southern strains (Fig. 3A). This divergence is evi-
dentintworespects:ﬁrst,strainsfromNorthAmericaandEurope
versus those from South America separate to the left and right
portions of the network, respectively. Second, the branch lengths,
representing differences between individual groups, are relatively
long. In contrast, the neighbor-net of ChrIa* showed very little
divergence among these lineages, as reﬂected by the very short
branchlengths(Fig.3B;notethedifferentscale).Thediscrepancy
in the distances spanned by these two respective networks argues
for a very different ancestry for the genome as a whole versus
ChrIa*.
Time estimates for the divergence. The relative abundance of
polymorphisms among related lineages reﬂects the time of diver-
gence from a common ancestry; such changes arise due to spon-
taneousmutation,andunderanassumptionthatchangesareneu-
tral, the frequency of SNPs can be used to estimate the time since
themostcommonrecentancestry(TMRCA)(25).Comparisonof
TMRCA estimates for the genome as a whole, based on SNPs
present in the intron sequences, versus those found in regions of
ChrIa*, suggests very different ancestries for these regions of the
genome (see Table S2 in the supplemental material). Previous
estimates from intron sequences using a wider range of strains
puts the divergence of lineages between North America-Europe
andSouthAmericaontheorderof106years(10)(Fig.4).Inorder
to compare our data to those in this previous report, we used
similar estimates for the neutral mutation rate (see Table S2) (25,
26). When the highly divergent haplogroups 5 and 10 were ex-
cluded from analysis, an estimate of 105 years since common an-
cestry was obtained based on SNPs found in the intron sequences
for differences between North American-European and South
American strains (Fig. 4; see also Table S2). The age of common
ancestry within South American strains (groups 4, 8, and 9) was
alsoestimatedat~105years(Fig.4;seealsoTableS2).Incontrast,
the age of common ancestry of North American and European
strains (groups 1, 2, 3, 7, and 12) was on the order of 104 years,
similar to that previously reported (7). Importantly, the age of
ChrIa* from isolates in both North America-Europe and South
America was estimated to be only ~104 years, reﬂecting the fact
that it lacks biallelic polymorphisms seen in other regions of the
genome (Fig. 4; see also Table S2).
Previousestimatesofthemutationratepresumedthatthesub-
stitutions that distinguish human and primate malaria lineages
have accumulated over the several million years of independent
evolutionary history. Those mutations must have accumulated
over a far shorter time if, as now seems well established, malaria
caused by Plasmodium falciparum was acquired by human ances-
tors far more recently than previously suspected (27, 28). Inde-
pendent support for a far faster mutation rate has also recently
been derived from the coevolution of avian species with their re-
spective malarial parasites (29). Using such a revised rate, the age
estimates for T. gondii haplogroups are 10-fold lower (Table S2).
In spite of uncertainty in the absolute age, it remains clear that
diversity has been accumulating in ChrIa* for far less time than it
hasbeenaccumulatinginthegenomeasawhole,evenallowingfor
possible differences in the rate at which mutations in different
regions of the genome may have become ﬁxed within the popula-
tion.
Evidence for gene ﬂow between South and North America.
One attribute of many T. gondii populations is a high degree of
linkage disequilibrium, resulting in large blocks of the genome
being haplotype speciﬁc (14). Because outcrossing is relatively
rare in isolates from North America and Europe, such conserved
haploblocks could potentially be used to detect the presence of
introgression between divergent lineages. To detect such genetic
exchange between northern and southern strains, we took advan-
tage of a photolithographic microarray for T. gondii, which was
designedbasedontheME49(type2)genomeandwhichcontains,
in addition to expression proﬁling probes, a variety of probe sets
designed to detect SNPs speciﬁc to each of the type 1, 2, and 3
clonal lineages (30). Because these three clonal lineages are so
closely related, SNPs are relatively rare (approximately 1 in 100
bp)andtypicallyoccurasasinglenucleotidechangeataparticular
position, where the other two lineages share a second nucleotide.
The pattern of inheritance of such strain-speciﬁc SNPs across the
genome has been used previously to deﬁne haplotypes across ma-
jor portions of the chromosomes (14). Hybridization with DNA
from strains GT1 (type 1), ME49 (type 2), and CTG (type 3) in-
dicated perfect concordance with genotype and SNPs deﬁned by
theprobes(Fig.5A).Asevidenceofthis,allthedotsinthetoprow
oftheGT1samplewerered,correspondingtoapositivesignalfor
type1alleles,whileallofthedotsinthesecondorthirdrowswere
gray, corresponding to negative signals for type 2 and 3 SNPs
(Fig. 5A). Similar genotype-speciﬁc patterns were seen for ME49
(type 2 speciﬁc) and CTG (type 3 speciﬁc) (Fig. 5A). The lack of
positive calls in some regions (e.g., ChrIV in GT1 and ME49 or
ChrXI in ME49 and CTG) does not indicate poor concordance
FIG 2 Network analysis of sequenced regions from ChrIa reveals four major
clusters. Green indicates 3= chimeric, red indicates 5= chimeric, yellow indi-
cates the monomorphic ChrIa* haplotype, and blue represents divergent
ChrIa. Haplogroup numbers are indicated in brackets. Sizes of spheres are
proportional to the numbers of strains. Strains included are listed in Table S1
in the supplemental material. See Fig. S3 for a diagram of regions included in
the analysis.
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tical in GT1 and ME49, so it is not possible to deﬁnitively distin-
guish between these strains at these loci). ChrIa lacks signiﬁcant
polymorphisms deﬁned by the expressed sequence tag (EST)-
based or genetic marker probe sets and hence does not have suf-
ﬁcient SNP density for analysis by this method.
The widespread distribution of the ChrIa* haplotype in North
America and Europe and less-extensive distribution in South
America have previously been used to argue for recent spread
fromnorthtosouthbygeneticrecombination(10).Havingestab-
lished a platform for evaluating strain-type-speciﬁc SNPs, we hy-
bridizedaseriesofgenomicDNA(gDNA)samplesfromT.gondii
strains isolated in South America and evaluated them for haplo-
blocks of SNPs that would be indicative of recent introgression
from type 1, 2, or 3 strains in the north. The most striking pattern
wastheconservationofregionswheretype3(bluedotsonChrIV)
or type 1 (red dots on ChrVIIb right, VIII left, XI, and XII) alleles
showed a strong strain-dependent predominance in the clonal
lineages; these regions were also conserved among most South
American strains (Fig. 5A). Notably absent among southern lin-
eages were haploblocks of shared ancestry with type 2 (green
dots), the exception being the right end of ChrVI and left end of
ChrXII among some strains (Fig. 5A and data not shown). In
portions of the genome where SNP diversity makes it possible to
clearly distinguish between haplogroups 1, 2, and 3, it is evident
that South American strains exhibit diverse patterns of inheri-
tance. For example, TgCatBr3 (haplogroup 4) and TgCatBr15
(haplogroup9)sharesimilarhybridizationpatternsacrossChrIX,
but these strains differ substantially on ChrVIIa (Fig. 5A). These
patterns of inheritance likely reﬂect a relatively high rate of sexual
recombination in South American strains. Strains harboring
ChrIa*discussedabovearehighlightedinyellow(Fig.5A);itisnot
possible to identify any particular regions of the genome whose
inheritance pattern is shared with this chromosome.
To provide additional insight into the extent of shared ances-
tries, array-based genotype analysis was expanded to examine
concordance of haplotypes across adjacent regions of the genome
(Fig.5B).Similartotheabovedescription,coloreddotswereused
atthetopofeachpaneltoindicateadeﬁnitivematch,whiledotsat
the bottom of each panel indicate an absence of hybridization to
FIG3 NeighbornetworkanalysesofthegenomeasawholebasedonintronsequencesversusregionsofChrIa.(A)Overallgeneticrelatednessbasedonintrons
shows a strong split between North America-Europe and South America that is based on moderately deep branches. (B) In contrast, ChrIa* contains very low
diversity among these same strains. Note that the scale differs 10-fold from that in panel A. Color coding indicates the continent of origin: North America and
Europe (blue), South America (red), or Chinese (maroon). Strains included contain monomorphic ChrIa* (yellow cluster in Fig. 2; see also Table S1 in the
supplemental material).
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haplotypeswasplottedgraphicallybetweentherowsofallelicpat-
terns (dots) over an 11-SNP sliding window: as expected, the red
line was always uppermost for GT1, the green line for ME49, and
the blue line for CTG (Fig. 5B). These patterns reveal genotype
information not directly apparent from individual allele-speciﬁc
SNPs, based on the concordance of shared blocks, deﬁned here as
haplotypeconsistency.Sharedancestrycanbeinferredfromthese
patterns based on the assumption that recently derived haplo-
blocks should show a high degree of consistency across a broad
region, while disruption of the consistency plot would indicate
recombination or mutational drift.
Hybridization patterns for additional strains, presenting type
1-, 2-, or 3-speciﬁc SNPs in separate graphs, were superimposed
on the patterns observed for the GT1, ME49, and CTG reference
strains (shown in black) for comparison. By comparing the allelic
patterns and extent of haplotype consistency for a variety of
strains from South America, several patterns are made evident. It
has been suggested that P89 (TgPgUs15) may be similar to the
ancestral strain that gave rise to type 3 (14), and indeed, strong
type 3 similarity was evident in many regions of the P89 (TgP-
gUs15) genome (i.e., ChrII), although other regions were moder-
ately(i.e.,ChrX),orhighly(i.e.,ChrXI)divergent(Fig.5C).Many
of the regions where P89 (TgPgUs15) differed from CTG corre-
spondedtoregionswheretypes2and3arehighlysimilar,suggest-
ingtheybothinheritedtheseregionsfromthesamenon-P89par-
ent. Although many South American strains also show large
blocks of type 1 SNPs (Fig. 5A and unpublished data), the low
degreeofhaplotypeconsistencyamongtheseregionssuggeststhat
they are not especially close in ancestry. The exception to this is
strain FOU, a haplogroup 6 strain, which shows large blocks on
chromosomes II, VI, VIIb right, VII left, IX, and XII that were
highly similar to type 1 (Fig. 5D). This pattern suggests a shared
ancestry of haplogroups 1 and 6, an inference also supported by
STRUCTURE analysis (Fig. 1B; see also Fig. S2 in the supplemen-
tal material).
DISCUSSION
ExaminationofawiderarrayofisolatesofT.gondiifromdifferent
geographic regions uncovered a larger number of haplogroups
than had been previously recognized. Additional sampling also
established that the same haplotype of ChrIa (ChrIa*), initially
knownfromclonalstrainsinNorthAmericaandEurope,iswide-
spread in lineages that predominate in South America, including
haplogroups 4, 8, and 9, which propagate primarily sexually and
do not display clonality. Despite the highly similar nature of
ChrIa* in these regions, variation in other chromosomes is
strongly partitioned geographically, as indicated by conserved
SNP patterns that are associated with speciﬁc geographic regions.
ThiscontrastsuggeststhattheChrIa*haplotypehasrecentlybeen
transferred between comparatively diverse populations in South
America into the founding stocks that subsequently expanded
clonallyinNorthAmericaandEurope.Thestrongconservationof
ChrIa* among divergent lineages from North America, Europe,
and South America suggests that it confers a selective advantage
under both asexual and sexual modes of propagation. Whether
ChrIa* favors clonality in the north due to some other genetic
element that is lacking in South America is uncertain; however,
this possibility could be investigated by experimental genetic
crosses.
Inadditiontothepreviouslydeﬁned12haplogroupsofT.gon-
dii (9, 10), we have identiﬁed two new haplogroups that appear
common in regions of Africa and China. Previous studies from
Africa have found a mixture of canonical genotypes, including
examplesoftypes2and3thatarenormallyfoundinNorthAmer-
ica and Europe (31, 32). These studies were based on sampling of
domesticfowlfromseveralcountries(31,32)andhencemayhave
been inﬂuenced by importation of strains along with domestic
animalsortherelativeinsensitivityofRFLPmarkersfordiscovery
of new polymorphisms. Studies of T. gondii isolates from free-
rangeanimalsinGabon,Africa,havealsoreportedstrainsthatare
highly similar to type 3 strains, as well as those that are more
diverse based on MS markers (20). Comparison of these isolates
here revealed that Africa 1 is similar to haplogroup 6. Strains with
similargenotypeshavepreviouslybeenisolatedinSouthAmerica
and Europe, although the latter cases are thought to have origi-
natedinAfricaeitherthroughtravel,immigration,orimportation
of contaminated meat (20, 33). The remaining Africa 3 strains
deﬁned a new haplogroup, 14, which is distinct from those seen
previously.Likewise,twoChinesestrainsthathadpreviouslybeen
deﬁned by RFLP markers (21, 22) deﬁned a new haplogroup,
called 13. More-complete analyses of their distribution and pop-
ulation structure (9) await wider sampling of strains from these
regions.
NeighbornetworkandSTRUCTUREanalysesdemonstrateda
strong geographic separation of T. gondii strain types between
FIG 4 Model of evolutionary history of T. gondii lineages. The separation of
T. gondii populations from North America and South America was estimated
to have occurred 106 years ago. The monomorphic ChrIa* haplotype was
found in the nonclonal South American haplogroups 4, 8, and 9, which have
diverged over the past 105 years, and within the North American-European
clonal lineages, which have a more recent common origin within the last
104 years. Age estimates are from Table S2 in the supplemental material and
reference 24.
Khan et al.
6
® mbio.asm.org November/December 2011 Volume 2 Issue 6 e00228-11FIG 5 Genome-wide SNP typing of T. gondii strains based on microarray hybridization. (A) Chromosomes are indicated by alternating gray and white bars,
startingwithIaontheleft.Foreachstrain,SNPsrepresentedonthearrayareshownasdots,segregatedintothreerowsrepresentingSNPsuniquetotype1,type
2,ortype3.Colorindicateshybridizationtothedeﬁningallele(red,type1;green,type2;blue,type3),whilegrayindicateshybridizationtothealternativeallele
(or failure to hybridize). Strain names at left are colored blue/red to indicate North America-European versus South American origin and shaded yellow to
indicate the presence of monomorphic ChrIa*. Haplogroups are indicated in parentheses. (B) Microarray-based genotyping ofT. gondii strains. Allelic patterns
for representative type 1 (GT1), 2 (ME49), and 3 (CTG) strains. Results for P89 (C) or FOU (D) are shown based on similarity to type 1 (red), type 2 (green),o r
type3(blue).Dotsaboveandbeloweachgraphrepresentstrain-dependentmatch(top)ormismatch(bottom)hybridizations.Linegraphsindicateconcordance
with type 1, 2, or 3 over an 11-SNP sliding window, shown as % identity on the y axis.
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® mbio.asm.org 7North America-Europe and South America, similar to ﬁndings in
previous reports (12, 19). However, there are clearly four major
ancestral populations reﬂecting the dominant color blocks in
STRUCTURE. Based on shared ancestry, haplogroup 12 is the
most likely parent that led to current-day type 2, since these two
lineages share large portions of their genomes. Large haploblocks
of type 2 are also seen in types 1 and 3, which likely reﬂects their
recentadmixture,assuggestedpreviously(14).STRUCTUREalso
provided evidence of ancestral gene ﬂow between north and
south,asisapparentfromthemajorcolorpatternsthatareshared
acrosstheseregionsatvariousKvalues(Fig.1B;seealsoFig.S2in
thesupplementalmaterial).Suchexchangesarelikelytobeances-
tral, because other studies have indicated that there is relatively
little recent genetic exchange between these regions based on FST
analysis, phylogenic analysis, and principal-component analysis
(19). Additionally, strains types in each region are characterized
byderivedSNPsthatdifferfromancestralalleles,whichareshared
withinspeciﬁcnorthernorsouthernhaplogroups(19).Thesetwo
opposingpatternsofcurrentgeographicsegregationversusshared
ancestryarenotincompatiblebutrathermayreﬂectdifferencesin
genetic exchange over time.
Despite evidence for geographic separation between different
continents, all of the northern lineages and a large number of
southern ones share a nearly identical haplotype of ChrIa*. In
particular, nearly all members of haplogroups 4, 8, and 9 from
South America share this ChrIa* haplotype despite having diver-
siﬁedinotherpartsoftheirgenomes.TheabundanceofChrIa*in
SouthAmericanlineageswasunexpected,sincetheChrIa*haplo-
type has previously been associated primarily with the clonal lin-
eages 1, 2, and 3 (15). Depending on the estimate of mutational
rate, the common origin of ChrIa* among these lineages is esti-
matedtobe1,000to10,000years.Duringthistimeperiod,exten-
sive migration and interchange between people, livestock, rodent
pests, and domestic cats may have profoundly inﬂuenced the dis-
tribution and abundance of T. gondii, as suggested previously
(34). The apparent coincidence of the ﬁxation of ChrIa* with the
origin of the major clonal lineages led to the previous hypothesis
that ChrIa* may contain genes that favor clonal transmission,
driving their expansion (15). However, based on the new ﬁnding
that clonal and nonclonal strains share this same version of
ChrIa*, it is now apparent that the ChrIa* haplotype is associated
with highly successful (i.e., abundant) strains of T. gondii that
propagate by both sexual and asexual means.
Several possible factors could account for the paucity of diver-
sityinChrIacomparedtothegenomeasawhole.Itisconceivable
thattheChrIa*haplotypehasundergoneespeciallystrongpurify-
ing selection, enabling it to persist in an unmodiﬁed form for
longer than its current diversity would otherwise indicate. Al-
thoughsomegene(s)foundtheremightbesubjecttostrongfunc-
tionalconstraint,itisdifﬁculttoconceivehowsubstitutionscould
be kept from accumulating over the entirety of the chromosome.
This pattern of inheritance is unlikely to be due to drug pressure,
since the majority of isolates studied here came from infected
animals that were not under therapeutic treatment. Moreover,
prophylactic drugs are not routinely used in humans, nor is drug
resistance a common trait in T. gondii. However, it is conceivable
thatChrIa*containssomeelementthatresultsinsegregationdis-
tortion or meiotic drive (35), allowing it to outcompete variant
versions of ChrIa in natural crosses. Among the strains that show
divergent examples of ChrIa are strains isolated from humans
infected in the jungles of French Guiana (groups 5 and 10). This
pattern suggests that the conservation of ChrIa* may reﬂect an
adaptation to domestic animals or transmission by domestic cats
androdentsinacyclethatisassociatedwithhumanactivityversus
apurelysylvaticcycle.Regardlessofthemechanismofitsmainte-
nance, it seems likely that the ChrIa* haplotype has recently
spread via meiotic recombination between different lineages in
distinct geographic regions.
Becausethethreenorthernclonallineages(i.e.,1,2,and3)are
thoughttohavearisenbygeneticrecombinationwithaprogenitor
of type 2 that was closely related to haplogroup 12 (9), they share
large haploblocks in common that serve as a signature for recent
introgression.Totestforthepresenceoflargehaploblocksoftype
2-speciﬁc regions within South American strains, we examined
SNP hybridization patterns for contiguous stretches of clonal al-
lelesamongsouthernstrains.Verylimitedevidencewasfoundfor
thepresenceoftype2-likehaploblocksinstrainsisolatedinSouth
America, despite the presence of a scattering of type 2-like alleles
(Fig.5).WhenthisiscombinedwiththefactthatSouthAmerican
strains appear to be older, there is limited support for the model
that ChrIa* arrived there by introgression from northern strains.
Incontrast,largeblocksoftype3SNPsweresharedinhaplogroup
9strains,suchasP89(TgPgUs15),andmanyoftheseshowedhigh
haplotypeconsistency.Asimilarrelationshipisseenbetweenhap-
logroup 6 strain FOU and the type 1 lineage. Although not an
exact match for the respective parental strains, these patterns are
consistentwitharelativelyrecentancestryofhaplogroup9leading
to haplogroup 3 and, separately, haplogroup 6 leading to haplo-
group 1. Such relationships have been suggested previously based
onlimitedgeneticloci(10),andthispatternismoreclearlyseenin
the genome-wide SNP analysis provided here. Because haplo-
group 9 contains the entire monomorphic ChrIa, while haplo-
group 6 is a hybrid (see Fig. S3 in the supplemental material), at
present the most likely scenario is that a strain related to type 9
providedtheancestralsourceofChrIa*thatsubsequentlybecame
widespread in North America and Europe.
Our ﬁndings reveal that a larger number of major haplotypes
exist for T. gondii than previously recognized and yet many of
these groups show strong geographic segregation. Although we
have sampled a wider range of geographic regions, there remain
large regions of the world that are still not well represented by
current surveys of genetic diversity. Hence, it is likely that further
sampling will discover additional major haplotypes. Remarkably,
among the existing 14 haplogroups, 8 share a common haplotype
ofChrIa*,whichlackssigniﬁcantpolymorphismdespiteextensive
divergence in the rest of the genome, and an additional 5 groups
share large parts of this monomorphic ChrIa. The predominance
ofChrIa*isparalleledbyarelativelyfewmeioticeventsinthewild
that gave rise to the major lineages deﬁned here. Although the
attributes that favor strains harboring this monomorphic ChrIa*
are uncertain, it is associated with highly successful lineages that
propagate by both clonal and sexual transmission, suggesting it
imparts a general ﬁtness advantage. Further deﬁning of the dom-
inance of this monomorphic ChrIa* will be informed by more-
extensive population surveys, as well as experimental crosses to
test its behavior in meiosis.
MATERIALS AND METHODS
T. gondii strains. Strains were grown in monolayers of human foreskin
ﬁbroblast cells propagated in Dulbecco’s modiﬁed Eagle’s medium
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vine serum, 2 mM glutamine, 20 mM HEPES (pH 7.5), and 10 g/ml
gentamicin(7,10).Parasiteswereharvestedafternaturalegressbypassing
through 3.0-m polycarbonate ﬁlters to remove host cell debris (7, 10)
and resuspended in phosphate-buffered saline at a concentration of ap-
proximately 106 cell/ml. To prepare lysates for PCR, parasites were di-
gested with 10 g/ml proteinase K (Sigma, St. Louis, MO) at 55°C for 2 h
and heat inactivated at 95°C for 15 min (10).
PCR ampliﬁcation and sequencing. Lysates were used as template
DNAforPCRampliﬁcationof5introns(i.e.,UPRT,MIC,BTUB,HP,and
EF), as described previously (10). Ampliﬁed PCR products were se-
quencedusingBigDyecyclesequencing(AppliedBiosystems,FosterCity,
CA),performedbySeqWrightDNATechnologyServices(Houston,TX),
as described previously (10).
DNApolymorphismanalysis.TheClustalW/Xsoftwareprogramwas
used to align the sequences using default settings. The Nexus ﬁle of the
aligned sequences was imported into the SplitsTree4 (v4.11.3) software
program (36) for computing an unrooted network analysis using the
neighbor-net method with 1,000 bootstrap replicates.
Population structure analysis. The population structure of T. gondii
was modeled using a Bayesian clustering algorithm implemented in the
software program STRUCTURE 2.2 (23, 37) to analyze intron sequence
data,asdescribedpreviously(10).Twentyreplicatesimulationswerecon-
ductedforeachvalueofK(thenumberoffoundinggroups),rangingfrom
2to10,using104burn-inrepetitionsandaﬁnalrunof104Markov-chain
Monte Carlo steps under the ancestral linkage model with independent
allele frequencies. To calculate the true number of groups, K, we utilized
an ad hoc statistical analysis based on the second-order rate of change of
thelikelihoodfunctionwithrespecttoK(deltaK),asdescribedpreviously
(24)usingthesoftwareprogramStructureHarvesterv0.6.1(38).Inshort,
themeanlikelihoodL(K)(equaltoLnPD=inSTRUCTURE)wasplotted
based on 20 runs for each K value. Then, the mean difference was calcu-
latedbetweensuccessivelikelihoodvaluesofK,L=(K)L(K)L(K1).
Inthethirdstep,wecalculatedthedifferencebetweensuccessivevaluesof
L=(K),where|L(K)||L=(K1)–L=(K)|.Intheﬁnalstep,wecalculated
the delta K (K), K  m|L(K)|/s[L(K)], where m is the mean of the
absolute values of L(K) and s is the standard deviation of L(K).
Sequence analysis of ChrIa. Twelve scattered blocks comprising 800
to 900 bp (each) were selected for sequencing as representative of ChrIa.
These regions were ampliﬁed using genome-speciﬁc primers and se-
quenced by using the BigDye cycle, as described previously (10, 15). Se-
quenced regions were separately aligned using ClustalW/X and used to
generate a neighbor-joining phylogeny that was viewed in the TreeView
program (39). Monomorphic, shared, and divergent alleles were deﬁned
based on grouping at distinct nodes. Alternatively, network analysis was
conductedusingamedian-joiningalgorithm(40)(0)asimplemented
in the software program NETWORK 4.1ﬂuxus-engineering. ChrIa se-
quencesfromall74strainswerealignedusingthesoftwareprogramDNA
Alignmentvl.1.2.1(ﬂuxux-engineering),andtheoutputﬁlewasimported
into NETWORK 4.1 to develop a network using Kruskal’s algorithm for
ﬁndingminimumspanningtreesandFarris’smaximum-parsimonyheu-
ristic algorithm.
Comparison of evolution rates between introns and ChrIa se-
quences. ClustalW/X (41) was used to align the sequences using default
settings. The Nexus ﬁle of the aligned sequences was imported into the
software program SplitsTree4 v4.11.3 (36) for computing an unrooted
network analysis using the neighbor-net method with 1,000 bootstrap
replicates.
Age calculations. The time to most recent common ancestry (TM-
RCA)wasestimatedbasedonpolymorphismspresentinintronsequences
or regions of ChrIa. Because we were speciﬁcally interested in the origin
andtransmissionofmonomorphicChrIaamongNorthandSouthAmer-
icanisolates,weincludedonlythosestrainsthatcontainedthemonomor-
phicversionofthischromosomeandthatwereisolatedinNorthAmerica
and Europe versus those isolated in South America. Single nucleotide
polymorphisms, i.e., those found only in a single strain, were used for
estimating the time since the origin of the clonal lineages, whereas ances-
tral biallelic polymorphisms, i.e., those that deﬁne shared lineage-speciﬁc
differences, were used to estimate the common ancestry between the
north-and-southsplit(7,10,19).TheformulatS/(anilibnimi)
was used to calculate the TMRCA, where n is the number of lineages
examinedattheithlocus,liandmiarethenumberof4-folddegeneration
sites, S is the number of polymorphisms, and a and b are the neutral
mutation rates. Estimates of  from the closely related parasite Plasmo-
dium falciparum were used for calculating the TMRCA, as described pre-
viously (25, 26).
Genotyping by hybridization to Affymetrix arrays. Genomic DNA
was isolated from T. gondii strains grown as tachyzoites in culture and
labeled for array-based genotyping as described previously (30). Brieﬂy,
DNA was isolated from cultured parasites using the Generation Capture
column kit (Qiagen), and 1 g DNA was sheared in an Invitrogen nebu-
lizer using compressed nitrogen at 40 lb/in2 for 3 min. Fragmented DNA
was precipitated and labeled using the Invitrogen BioPrime array CGH
genomic labeling module with biotin-14-dCTP. Labeled DNA was hy-
bridized to the custom Affymetrix T. gondii microarray (http://ToxoDB
.org) according to recommended protocols (30).
TheT.gondiimicroarrayincludesseveralprobesetssuitableforgeno-
typing at various levels of resolution (30). Brieﬂy, 228 polymorphisms
may be interrogated using the standard Affymetrix protocol involving 40
probes per SNP (5 probes overlapping each allele, on each strand). A fur-
ther 3,490 polymorphisms may be interrogated using 4 probes per SNP
(oneprobeoverlappingeachallele,oneachstrand).Sincepreviousresults
indicate comparable performance (30), these probe sets were pooled for
the purposes of the present study. Hybridization to multiple replicates,
including clonal cross progeny, indicated that 1,741 probe sets pass strin-
gent performance criteria (false discovery rate, 103). To improve ac-
curacy, an additional requirement was imposed to require accurate iden-
tiﬁcation of both alleles among known strains (i.e., types 1, 2, and 3),
reducing the number of reliably typeable probe sets to 1,517. Genotyping
calls were made using custom R scripts (30), modiﬁed to include SNPs
deﬁningallthreestrainsforwhichcompletegenomesequenceisavailable
(type1,GT1;type2,ME49;type3,VEG).Followingpreviouslydescribed
nomenclature (14), polymorphisms were deﬁned as type 1, 2, or 3 SNPs
basedonthestrain-deﬁningallele(i.e.,type1SNPsarerepresentedbyone
allele in GT1 and the alternative allele in both ME49 and VEG parasites).
SNP positions were mapped against the concatenated T. gondii genome
andcolorcodedbySNPtype.ThepercentageofSNPsmatchingeachtype
wasalsoassessedoveran11-SNPslidingwindow,althoughotherwindow
sizes yield comparable results (not shown).
Microarray data accession number. Hybridization data are available
in ToxoDB (http://toxodb.org/toxo/).
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